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A B S T R A C T

High-affinity K+ (HKT) gene family is regulated the transport of Na+ and maintain the balance between Na
+ and K+ in the process of plant growth, development and response to abiotic stress. Despite this fact, systemic
and comprehensive studies on HKT in multiply plants remains unknown. A total of 29 HKT genes distributed on
nine species were identified. Phylogenetic tree analysis results indicated that HKT genes were divided into five
homology subfamilies. Combining structural analysis with protein contains five highly conservative motifs, HKT
family has similar gene structures and special gene characteristics. Finally, the expression patterns of HKT
showed two different dramatic changes in different organs and tissues under different salt stress in multiply
plants. This study has many implications for research into the comparative genomics analysis of HTK gene
family, which revealed regulation mechanism of HKT genes, is valuable for understanding development and
response to abiotic stress in plant.

1. Introduction

Owing to the advent of global climate change, abiotic stress such as
drought, chilling injury, heat tolerance and salinity have a devastating
impact to agricultural production (Horie et al., 2009; Knight and
Knight, 2001; Mittler, 2006). Anecdotal evidence indicated that salt
stress gradually become a major limiting factor for plant growth, de-
velopment and an increase in a huge loss the productivity of crops
(Hauser and Horie, 2010; Koenderink et al., 2000; Koenderink et al.,
1999). High salinity usually exists in the form of Na+ content, which
produces ion toxicity is triggered when Na+ concentration reached
some threshold level (Hauser and Horie, 2010). Potassium ions can
regulate the transfer and transport of sodium ions, so it is important to
maintain the proportion of sodium and potassium ions at the level of
cells and the whole plant, which is the essence of salinity tolerance
(Ansorge, 2009; Hancock-Hanser et al., 2013). In addition to the reg-
ulation of osmosis by plant cell membrane, a large number of related
genes are produced by plants under external stress to regulate osmosis.
Salt-resistant transcription factors play an important role in gene ex-
pression and signal transduction.

The High-affinity K+ (HKT) gene family which first described in

1994 is one of the most important transportation gene families in plants
because they play important role in the regulation of plant development
and abiotic stress, especially salt resistance (Schachtman and
Schroeder, 1994). HKT can control Na+ accumulation in leaf sheaths
and Na+ removal from the xylem sap, whereas the other shows per-
meability functions for Na+ and K+ in different systems. Particularly,
its relative selectivity for Na+over K+ coordinates the balance be-
tween these ions (Ren et al., 2005; Sunarpi et al., 2005). All of those
regulating salt balance and leaf Na+ exclusion, reducing Na+ content
in the xylem sap and plant leaves from Na+ over accumulation
(Garciadeblas et al., 2003; Horie et al., 2009).

With the advancement in sequencing technology and comparative
genomics, a large number of plant gene functions have been elucidated,
which lays a good foundation for the improvement of cultivated crops
with the information of model species (Sunarpi et al., 2005). These
species span nine families and can span large time nodes in evolu-
tionary history. Their HKT gene families have the same and similar
functions in evolution (Berthomieu et al., 2003; Horie et al., 2009).
Analyzing their HKT family members can provide more support on the
structure and function of HKT, which is of great significance to the
study of species evolution and feature analysis. However, their
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functions in other species remain poorly understood (Garciadeblás
et al., 2003). The characteristics of the HKT gene family and their
functions in regulating plant growth and development and salt re-
sistance must be systemically and comprehensively studied.

In conclusion, we aimed to identify HKT gene family in multiply
plants. HKT gene family was perform a systematic bioinformatics ana-
lysis including analyze conserved motifs, phylogenetic analysis, and
chromosomal localization. Their expression levels in different organs
and tissues of Vitis vinifera (Zhang et al., 2014) and responses to salt
stress in Sorghum bicolor and Populus trichocarpa were elucidated (Fasoli
et al., 2012). The results might be helpful in understanding the role of
HTK in plant development and elucidating its regulatory mechanisms
involved in abiotic stress response.

2. Materials and methods

2.1. Tested plants

The whole genome sequences of nine species were downloaded from
public databases (Table 2). The genomes of Citrus sinensis, Coffea ca-
nephora, Cucumis sativus, Glycine max, Populus trichocarpa, Solanum ly-
copersicum, Sorghum bicolor, Vitis vinifera, and Zea mays were used as
raw data.

The RNA-seq data of control and salt-stressed P. euphratica and P.
pruinosa were downloaded from NCBI (accession numbers SRX025571,
SRX025568, SRX245887, and SRX245885) and uploaded by Qiu and
Zhang. The transcriptome data of the two species of sweet sorghum
were downloaded from NCBI (accession numbers SRX1048181 and
SRX1050048 for M-81E as control; SRX1050049 and SRX1050050 for
salt-treated M-81E; SRX1050054 and SRX1050055 for Roma as control;
and SRX1050056 and SRX1050057 for salt-treated Roma). The grape
transcriptome data were downloaded from NCBI Gene Expression
Omnibus under the series entry GSE36128 (Marchler-Bauer et al.,
2015).

2.2. HKT identification in test plants

To identify test plants proteins containing HKT at the genome level,
BLASTP was used to analyze the specific HKT protein sequence. HKT
genes with a score of> 100 and e-value of< 10e-5 were selected as
candidate genes. The HMM corresponding to the Pfam TrkH domain
(PF02386, http://pfam.xfam.org/), which was used to scan the protein
database to identify candidate HKT genes with HMMER. The two-part
genes were combined as a candidate HKT gene, and then NCBI CDD
search was processed to identify HKT members.

The phylogenetic tree was built by MEGA 5.05 (Tamura et al.,
2011). Using the rice protein as the comparative method to align with
29 predicted HKT gene members, we constructed the NJ tree using
CLUSTALW alignment. The bootstrap was 1000, and paired deletion
was performed (Hall, 2013; Larkin et al., 2007; Thompson et al., 1994).

2.3. Multiple sequence alignment and Gene structure analysis

For the analysis of the conserved domains of the HKTs, HKT protein
sequences were scanned with Clustal X2. Through the clustering algo-
rithm, the putative protein sequence was aligned by the complete
alignment and made the mismatching protein sequence realign selected
sequence. By combining the Clustal X2 results with the obtained protein
sequences, we were able to determine conserved domains of the HKT
gene family. MEME (http://meme-suite.org/) scanned the hidden pro-
tein sequence to search for the motifs of the HKT protein domain. The
MEME Suite Web server provides a unified portal for online discovery
and analysis of sequence motifs representing features, such as protein
interaction domains (Bailey et al., 2009, 2006).

The gene structures of HKTs were explored by the online program
Gene Structure Display Server (GSDS) 2.0 (http://gsds.cbi.pku.edu.cn/)

(Hu et al., 2014). The gene sequences and gene annotation files can be
found in NCBI. The gene structure data used were selected from the
genome annotation file. Visualizing the gene structure and annotated
features enabled us to determine their function and evolution in-
tuitively. GSDS (http://gsds.cbi.pku.edu.cn/) was used to indicate the
gene structures on the basis of the coding sequences (exons), un-
translated regions, and intron and exon data from the gene annotation
file. The promoter was identified by Promoter2.0 (Knudsen, 1999;
Scherf et al., 2000), and promoter scans were processed in the
10,000 bp upstream of the HKT family members. All candidate loci
were listed, and only the best candidates were selected. The selection
was based on locus position and score value. The structures of the
promoters and genes were generated by GSDS.

2.4. Gene location of HKT gene family

With the strength of the genome annotation, the genomic location of
HKT in the chromosome was loaded by MapChart (Voorrips, 2002). The
gene location of HKT was determined using the gene annotation file.
We were able to locate the chromosome by referring to the gene posi-
tion date from the annotation file.

This study used standard transcriptome data, and the gene heat map
images were drawn using the R program.

2.5. Plant growth and abiotic stress treatments

Vitis vinifera cultivar Pinot Noir was planted at the Germplasm
Repository for Grapevines in the Institute of Botany of the Chinese
Academy of Sciences, Beijing, China (39° 54′N, 116° 23′E) in this study.
The vines were planted in 2007 in south-to-north oriented rows, trained
to a fan-shape grid with a single trunk, and subjected to similar man-
agement for irrigation, fertilization, soil regulation, clipping, and con-
trol of diseases. Each sample was collected from nine clusters, sixth
leaves were sampled with three biological replicates.

Tissue cultured Vitis amurensis were grown on half-strength
Murashige and Skoog (1/2 MS, pH 5.8) solid medium 1% sucrose and
0.7% agar in conical flasks (120mL) in a growth chamber at 26 °C
under a 24 ha 16-h light/8-h dark photoperiod and 100μmol
m− 2 s− 1 light intensity. Six-week-old plantlets were subjected to salt
stress, plantlets were transferred to 100mM NaCl with a 16-h light/8-h
darkness period. Te shoot apex with the first fully expanded leaf was
harvested at specific time (0 h, 8 h, and 24 h) after initiating the
treatments with three biological replicates. Then, these plants materials
were gathered and immediately stored in liquid nitrogen until RNA
extraction.

2.6. RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from collected samples using RNAprep
Pure Plant Kit (TIANGEN, Beijing, China) following the manufacturer's
procedure. A maximum of 1 μg total RNA was used for synthesizing
cDNA by HiScript Q RT SuperMix (Vazyme, Nanjing, China), and the
product was subjected to qRT-PCR with an Opticon thermocycler (CFX
Connect Real-Time System; Bio-Rad, Hercules, CA) using SYBR Green
PCR master mix (Vazyme, Nanjing, China) according to the manufac-
turer's instructions. The PCR cycling conditions were as follows: 95 °C
for 10min, 40 cycles of 95 °C for 10 s, 60 °C for 30 s; a 65–95 °C melt
curve was analyzed to detect possible primer dimers or nonspecific
amplification. VvActin (Accession number: EC969944) was used as
stable reference genes. Gene-specific primer pairs which used for qRT-
PCR were designed by NCBI Primer BLAST. With gel electrophoresis
and reaction product sequencing, the specificity of the primers was
authenticated. The 2− ΔΔCt method (Livak and Schmittgen, 2001) was
used for determining the relation expression of the target genes. Three
technical and biological replications were performed in all the experi-
ments. Statistical difference were performed by t-test (**P < 0.01,
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*P < 0.05, n= 3) using R software.

3. Results

3.1. Genome-wide identification of the HKT family members

All putative HKT genes were found by BLASTP in nine species. A
total of 29 candidate members were scanned on the basis of hidden
Markov model (HMM) search. After the CDD search, sequences con-
taining HKT domains were obtained. Finally, 29 HKT members were
identified (Table 1). Two members were found in maize, four in sor-
ghum, two in orange, two in poplar, two in tomato, five in soybean,
three in coffee, six in grape, and three in cucumber.

3.2. Phylogenetic analysis of test plant HKT

On the basis of the protein sequences of the 29 HKT members, a
phylogenetic tree was obtained by MEGA, and the HKT gene family was
divided into five subfamilies (i.e., HKT1, HKT2, HKT3, HKT4, and
HKT5; Fig. 1). Genes included in the HKT1 and HKT2 groups were
found in Zea mays and S. bicolor (SbHKT1a, SbHKT1b, SbHKT1c,

SbHKT2a, ZmHKT1c, and ZmHKT2a). Genes in the HKT3 group were
found in Cucumis sativus (CusHKT3b), Glycine max (GmHKT3c1,
GmHKT3c2, GmHKT3c3, GmHKT3c4, and GmHKT3c5), Coffea cane-
phora (CcHKT3a1 and CcHKT3a2), P. trichocarpa (PtHKT3a and
PtHKT3b), V. vinifera (VvHKT3a1 and VvHKT3a2), and Citrus sinensis
(CsHKT3b and CsHKT3c). Genes of the HKT4 group were found in V.
vinifera (VvHKT4c1, VvHKT4c2, and VvHKT4c3), Cucumis sativus
(CusHKT4a1 and CusHKT4a2), and Solanum lycopersicum (SlHKT4b).
Lastly, genes in the HKT5 group were found in Coffea canephora
(CcHKT5a) and S. lycopersicum (SlHKT5a).

3.3. Motif analysis and domain constraint

Five conserved motifs among the 29 HKT members were found by
MEME (Fig. 2A). The details of the conserved motifs are shown in
Fig. 2B. The length of the motifs ranged from 38 amino acids to 50
amino acids, and the number of the HKT motifs ranged from 1 to 5. HKT
protein sequences were aligned by the phylogenetic tree through
Clustal X2. Through clustering and motif analysis, the positions and
details of the HKT genes were mapped (Fig. 2C). From the phylogenetic
group, the MEME results indicated that CcHKT5a, GmHKT3c1,

Table 1
The multiply species gene ID and sequence information collection.

Species Gene ID Gene name Used name NCBI accession chr Start End Strand Protein Reference

Citrus sinensis Cs4g04460 CsHKT3c XP_006474312 chr04 2604089 2608535 + 505
Citrus sinensis Cs4g04230 CsHKT3b XP_006474646 chr04 2378934 2390615 + 701
Sorghum bicolor Sb03g012590 SbHKT1c XP_002457736 chr03 15043842 15046089 – 498
Sorghum bicolor Sb04g005010 SbHKT1a XP_002451638 chr04 4817581 4820028 + 532
Sorghum bicolor Sb06g027900 SbHKT1b KXG27071 chr06 56730437 56734552 – 563
Sorghum bicolor Sb10g029000 SbHKT2a XP_002438960 chr10 58828894 58830739 – 545
Solanum lycopersicum Solyc07g014680 SlHKT5a SlHKT1,2 NP_001289833 chr07 5091851 5097815 + 391 (Almeida et.al, 2014)
Solanum lycopersicum Solyc07g014690 SlHKT4b SlHKT1,1 NP_001295273 chr07 5103988 5106992 + 555 (ASINS et.al, 2013)
Glycine max Glyma06g42340 GmHKT3c3 XP_006582258 chr06 45579718 45585658 – 574
Glycine max Glyma17g31011 GmHKT3c1 KRH74148 chr17 34105779 34106268 + 124
Glycine max Glyma01g00530 GmHKT3c2 KRH74148 chr01 318582 323172 + 512
Glycine max Glyma12g16040 GmHKT3c5 KRH25841 chr12 15109004 15114271 + 562
Glycine max Glyma07g15590 GmHKT3c4 KRH49067 chr07 15343209 15347372 – 410
Zea mays GRMZM2G047616 ZmHKT1c DAA54361 chr03 55028182 55030055 – 493
Zea mays GRMZM2G135674 ZmHKT2a XP_008645031 chr05 56901596 56903498 – 555
Coffea canephora Cc06_g22160 CcHKT3a1 CDP16110 chr06 33628815 33633698 + 455
Coffea canephora Cc10_g11530 CcHKT3a2 CDP17691 chr10 19113123 19114712 – 335
Coffea canephora Cc06_g22180 CcHKT5a CDP16112 chr06 33674972 33685725 + 474
Vitis vinifera GSVIVT01010922001 VvHKT4c1 CBI40134 chr11 15655460 15663113 + 529
Vitis vinifera GSVIVT01010937001 VvHKT3a2 CBI40144 chr11 15393059 15395450 + 501
Vitis vinifera GSVIVT01010919001 VvHKT4c3 CBI40132 chr11 15707762 15711764 + 524
Vitis vinifera GSVIVT01010921001 VvHKT4c2 CBI40133 chr11 15685410 15689385 + 540
Vitis vinifera GSVIVT01010932001 VvHKT3a1 CBI40140 chr11 15427916 15429283 + 222
Vitis vinifera GSVIVT01010925001 VvHKT3b CBI40137 chr11 15609014 15609611 + 93
Cucumis sativus L. Cucsa.281880 CusHKT4a1 XP_004150748 scaffold02641 65899 69113 + 360
Cucumis sativus L. Cucsa.281860 CusHKT3b XP_004149678 scaffold02641 46188 50375 – 498
Cucumis sativus L. Cucsa.281870 CusHKT4a2 XP_004150749 scaffold02641 62219 64331 + 418
Populus trichocarpa Potri.018G147500 PtHKT3b XP_011017602 chr18 16642539 16643796 – 214
Populus trichocarpa Potri.018G132200 PtHKT3a XP_002325229 chr18 15307211 15310842 – 535

Table 2
Sources of genome sequences used in this study.

Latin Name Version Download

Arabidopsis thaliana TAIR10 ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.1/Alyrata/
Oryza sativa V7 http://rapdb.dna.affrc.go.jp/download/irgsp1.html
Zea mays RefGen_v2 http://ftp.maizesequence.org/current/
Sorghum bicolor Sbicolor v1.4 ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Sbicolor_v1.4/
Citrus sinensis V1 http://citrus.hzau.edu.cn/orange/download/data.php
Populus trichocarpa Ptrichocarpa v3.0 ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Ptrichocarpa/
Solanum lycopersicum assembly v2.4 ftp://ftpmips.helmholtz-muenchen.de/plants/tomato/
Glycine max phytozome v9.0 ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Gmax/
Coffea canephora V1.0 http://coffee-genome.org/coffeacanephora
Vitis vinifera V1 http://www.genoscope.cns.fr/externe/Download/Projets/Projet_ML/data/8× /
Cucumis sativus L. phytozome v9.0 ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Csativus/
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PtHKT3b, and VvHKT3a1 each have two motifs, whereas CcHKT3a2 and
VvHKT3b each have one.

In the aligned protein sequence, some amino acid-rich domains,
such as the leucine-rich repeat domain, was found to be related to salt
resistance. In the TrkH superfamily, motif1 up to motif4 were found

similar to those found in previous studies on HKT domains. As shown in
Fig. 2, motif3 and motif4 are fundamental in the HKT domains because
they are present in all HKT genes.

3.4. Analysis of gene structures and promoter locations

The HKT gene structure showed that all members can also be clas-
sified into five groups similar to the subfamilies of the phylogenetic tree
(Fig. 3A). The majority of the tested gene structures have three exons.
CsHKT3b has 11 exons and GmHKT3c1 has two. The average gene
length was 2000–6000 bp. CsHKT3b, CcHKT5a, and VvHKT4c1 were
largest genes, while the longest member was CsHKT3b, which had the
maximum number of exons. GmHKT3c1, VvHKT3b, VvHKT3a1, and
CcHKT3a2 were the shortest genes.

Most promoter positions were located 500–2000 bp before the up-
stream of the HKT genes (Fig. 3B). CusHKT3b had the longest promoter
distance (13752 bp), whereas VvHKT3b had the shortest (497 bp). They
all belong to the HKT3 subfamily. GmHKT3c4 (5928 bp), GmHKT3c2
(3782 bp), CusHKT3b (13725 bp), CsHKT3b (5534 bp), and PtHKT3a
(3258 bp) had longer promoter distances than most HKT gene promoter
positions (Fig. 3B).

3.5. Chromosomal localization and synteny in HKT

The genomic locations of HKT in multiple plants are shown in
Fig. 3C. In nine species, 29 HKT genes were mapped to 18 chromo-
somes, and a putative chromosomal linear relationships among 29 HKT
genes were established. The genome maps of the HKT genes indicated
that all VvHKT members were focused on Vvchr 11. The same finding
was obtained from CusHKTs (Cussscaffold02461), PtHKTs (Ptchr 18),
CsHKTs (Cschr 04), and SlHKTs (Slchr 07). Meanwhile, HKT in other
tested species appeared uneven. The genome maps of the HKT members
indicated that ZmHKTs, SbHKTs, and GmHKTs were dispersed across all

Fig. 1. Phylogenetic analysis of HKT proteins in 9 species. The blue, pink,
green, violet and yellow clades represented HKT1, HKT2, HKT3, HKT4 and
HKT5 subfamilies, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The MEME and clustal of HKT motifs (A) MEME were used to predict motifs and the motifs exist in the results indicate that the motifs appeared in HKT genes
protein sequence. (B) The bit score indicates the information content for each position in the sequence drawn by the MEME program. (C) Multiple sequence
alignment of the five domains among HKT genes, the different color represents different amino acid. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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chromosomes. By contrast, ZmHKTs were distributed in 2 of the 10
chromosomes (Zmchr 03 and 05), SbHKTs were mainly found in 4 of the
10 chromosomes (Sbchr 03, 04, 06, and 10), GmHKTs were distributed
in 5 of the 20 chromosomes (Gmchr 01, 06, 07, 12, and 17), and
CcHKTs were distributed in 2 of the 11 chromosomes (Ccchr 06 and
10). Compared with the gene map in one chromosome, those genes had
relatively coincident distances with respect to chromosome initial point
or termination. Interestingly, the distance was close when two or more
HKTs were located on one chromosome.

3.6. Organ-specific and tissue-specific HKT expression in grapes

To predict the possible functions of HKTs in grapes, the tran-
scriptomes were analyzed in different organs and tissues (seed, bud,
seedling, tendril, stem, root, leaf, berry skin, berry pericarp, berry flesh,
carpel, flower, inflorescence, rachis, petal stamen, and pollen) (Fasoli
et al., 2012). The results revealed that VvHKT genes had diverse ex-
pression patterns in different developmental stages of organs and tis-
sues, and members in subfamilies had similar expression patterns ex-
cept for VvHTK3b. All VvHKT genes were expressed in all
developmental organs and tissues, although the FPKM of VvHKT3b was
low. Meanwhile, some VvHKT genes were similarly expressed in dif-
ferent developmental organs and tissues (e.g., VvHKT3a2, VvHKT4c3,
and VvHKT3b in stem), whereas some showed high or low expression
levels in one or several organs and tissues (Fig. 4A). For example,

VvHKT3a1 was highly expressed in seeds (256.03 (V), 210.49 (MR),
9860.77 (FS), 3819.37 (PFS)) but was normally or slightly expressed in
other organs and tissues. The expression of VvHKT3a2 was extremely
low in the Berry Flesh-PFS, although its FPKM was higher than those of
VvHKT4 and VvHKT3b. The expression data showed that HKT genes had
organ-specific expression.

3.7. Expression patterns of HKT under salt stress

The transcriptome of several subspecies underwent salt treatment to
verify the function of HKT genes in poplar and sorghum (Berthomieu
et al., 2003; Garciadeblás et al., 2003). The SbHKT and PtHKT genes
responded to salt treatment in different subspecies (Fig. 4B). In sor-
ghum, SbHKT1a and SbHKT2a showed similar expression patterns
under salt treatment and were down-regulated in M-81E and Roma
under 50mM of NaCl for 7 days (Fig. 4B). In contrast to SbHKT1a and
SbHKT2a, SbHKT1b was down-regulated in M-81E and up-regulated in
Roma under salt treatment. In poplar subjected to treatment of under
100mM of NaCl for 24 h, PtHKT3a was down-regulated in two sub-
species (P. euphratica and P. pruinosa), and PtHKT3bwas up-regulated in
P. pruinosa and down-regulated in P. euphratica (Fig. 4B).

For the sake of the function of HKT gene family in grape and illu-
minate the effective about functional analysis, RT-PCR analysis was
used to reveal gene expression patterns under the salt stresses. Under
salt stress, all members of the grape HKTs can make relevant stress

Fig. 3. (A)Phylogenetic tree (left) and gene structure of HKT family (right). The phylogenetic tree was constructed by MEGA5.0. The exon, UTR, intron was indicated
by yellow square, blue square, and gray square, respectively. The red and the green square represented the 3′UTR and the 5′UTR. (B) Phylogenetic tree (left) and
promoter position (right) of HKT family. Different color represented various subfamilies. The blue short lines represented the promoter, and yellow long lines
represented the gene. (C) The chromosome information and HKT genes location on the chromosome draw by MapChart. The number at the chromosome (left)
represented the position of HKT genes, and the right information on the chromosome (right) represented the name of HKT. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).
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responses. The gene expression levels of VvHKT3a1 and VvHKT3a2
were decreased extremely significant after 8 h stress, and then
VvHKT3a2 increases with the increase of stress after 24 h, the expres-
sion levels of VvHKT3a1 decreased significantly at 24 h after stress
compared with 8 h. VvHKT3b and VvHKT4c gene family expression of
volume after 8 h the stress that increases significantly, stress after 24 h,
8 h after VvHKT4c1, VvHKT4c2 and VvHKT3b expression than stress
increases significantly. VvHKT4c3 processing 8 h compared with 24 h of
the expression of quantity and stress is almost no difference (Fig. 5A).
Under salt stress, found salt processing test plant compared with the
control, the plant has obvious shrinkage and color dim phenomenon
(Fig. 5B).

4. Discussion

A total of 29 genes with specific conserved domain TrkH were
identified in the nine species. Similar characteristics were found in the
same family, whereas different characteristics were found in different
families except for the conserved domain (e.g., Gramineae and
Rubiaceae). The phenomenon was embodied in the number of HKT and
the sequence similarity. The predicted results by BLAST, HMM, and
CDD search indicated that the number of HKT members is not related to
the classification of the tested species. Meanwhile, the conserved single
positive amino acid residues in the domains of the HKT transporters
were absent in the K+ channels and thus classified as transporters
(Horie et al., 2009). The number of HKT genes did not directly affect
salt resistance.

The HKT gene family can be divided into five groups according to
their protein sequence similarity. When the cluster results were com-
bined with the motifs, motif3 and motif4 were found to be mainly
present in the HKT protein and to be critical spots for the HKT con-
served domains. In the present study, motif1, motif2, motif3, and

motif4 were researched (Hamamoto et al., 2015; Hauser and Horie,
2010). These highly conserved amino acid residues were mainly dis-
tributed among the residues in each repeat, and this result is in ac-
cordance with the findings obtained from the nine tested species (Qiu
et al., 2011).

Each subfamily was divided according to the phylogenetic and
historical relationships of the species, and the subfamilies in different
species were found to be not only useful in predicting these relation-
ships but also related to protein function. The neighbor-joining (NJ)
tree clade members have the same salt resistance function (Zhang et al.,
2013). The phylogenetic tree enabled us to classify the HKT proteins
into five clades, most of which have high neighboring matching under
different evolution rates. The relationships within clades were also
found to have high matching rates. These results suggested that the
HKT genes in each subfamily undergo the same evolution event and
have similar functions.

The number of exons varied among the members of the HKT family.
Similar to motifs, the phylogenetic tree showed the gene structures are
diverse. This diversity drives the evolution of multigene families. The
results indicated that exons are lost and gained during the evolution of
the HKT family, and thus the functions of related HKT genes varied.
Furthermore, the promoter position of the HKT gene ranged from
500 bp to 13,000 bp. Compared with the traditional analysis methods
(Scherf et al., 2000) that use the Mahalanobis distance to classify 500-
nucleotide DNA sequences into promoter or non-promoter classes, ge-
netic algorithms calculate HKT promoters. Genetic algorithms calculate
HKT promoters whereas traditional analysis methods do not. In parti-
cular, the latter only uses the Mahalanobis distance to classify the DNA
sequences, whereas genetic algorithms base the classification on the
number of HKT promoters. Through genetic algorithms, optimized
neural networks can be discriminated maximally between promoters
and non-promoters. HKT promoters have wider ranges and more

Fig. 4. (A) The heatmap represented the RNA expression quantity of HKT genes in the grape different organs and tissues. (B) HKT expression level of the sorghum
(left) and poplar (right) under the salt treatment.
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accurate locations than 500 bp upstream used in traditional analysis
methods.

In the genomic maps, all the HKT members were located in one
chromosome with adjacent location, including V. vinifera, S. lyco-
persicum, C. sativus, and P. trichocarpa. The HKT members showed
chromosome with adjacent location. HKT members may have close
evolutionary relationships, and these genes may have originated from
an ancient evolution or other duplications. In other species, HKT genes
were located in different chromosomes. This finding may explain the
expansion of the HKT genes in ancient time and their diverse functions.

The grape transcriptome data of different organs and tissues in-
dicated that VvHKT3a2 and VvHKT4c1 have higher expression levels
than other HKT genes during plant growth and development. Notably,
allHKTs are expressed in different organs and tissues during develop-
ment. In the transcriptome data of sorghum, the expression levels of
SbHKT1a and SbHKT2a after salt treatment were lower in M-81E than
in Roma (Zhang et al., 2014). This finding suggested that these HKTs
negatively regulate salt resistance and thus in accordance with previous
reports, wherein SbHKT1a and SbHKT2a maintained optimal Na+/K+

balance under salt stress. Moreover, SbHKT1a, SbHKT2a, and PtHKT3a

also exhibited low expression levels under salt treatment, indicating
that they decrease Na+ transport in organisms. The low expression
levels of these genes might lead to decreased Na+ transport and in-
creased salt resistance. This result indicated that HKTs may play dif-
ferent roles in herbaceous and woody plants.

5. Conclusions

A total of 29 HKT genes were identified in nine species and subse-
quently classified into five subfamilies. HKT genes widely varied with
respect to motifs, promoters, and gene structures. Transcriptome results
showed that HKTs have diverse expression levels in different organs and
tissues of grapes during development, and they play important roles in
salt resistance in sorghum and poplar. We believe that these results will
enhance our understanding of the regulatory role of the HKT family in
plants.
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